I. INTRODUCTION
Due to rapid developments in semi-conductor technology, thereby producing semi-conductor packages such like IGBTs and MOSFETs, switched reluctance motors attracted much more considerable attention throughout the industrial environment. Whilst the SRM has a simple operating principle, it is really difficult to design and develop performance predictions for these kinds of motor. This is due to the nonlinear magnetic characteristics of the machine under normally saturated operation. Due to the winding arrangement in the conventional SRM as seen Fig. 1 , mutual coupling between phases is generally neglected [1] . Phase flux linkage depends only on the rotor position and the current in the phase of interest; the phases are taken to be magnetically independent [2] . But in contrast, the mutually coupled SRM phases under simultaneous two-phase (bipolar) excitation of windings, especially for SRMs consisting of segmental rotors, are magnetically coupled and the flux linkage functions are resulted from rotor position and the currents in adjacent phases which are simultaneously excited.
In this study, the magnetic circuit model for designed 5-phase segment type SRM (ST-SRM) with short-pitched windings are presented [3] in order to determine the flux linkage of each phase for rotor position and combination of phase currents. The linear model of ST-SRM is formed by considering the machine dimensions. The linear model of ST-SRM makes the prediction of torque, inductance and instantaneous phase fluxes despite the fact that the magnetic nonlinearity is neglected. Besides, by taking into account concept of apparent inductance [4] ; simulation of conventional 5-phase SRM and newly designed 5-phase segment type SRM having the same main motor dimensions such as stator outer diameter, rotor outer diameter, stack length, air gap length, etc. are performed. Consequently, the torque variations of each machine are compared to verify that the ST-SRM can produce higher torque than the conventional one.
II. MACHINE MODELS
In order to carry out necessary analytical calculations and simulations, two different machine models are considered. The conventional 5-phase SRM having 10 stator and 8 rotor poles are shown in Fig. 1 . This model has been developed in order to compare it with the designed 5-phase ST-SRM illustrated in Fig. 2 . The main dimensions are similar to that designed machine of which dimensions are given in Table I .
The novel five-phase SRM design purposed includes a stator having evenly spaced salient poles and a rotor having segment type U-type cores which are embedded in aluminum block in order to increase robustness. In operation, two adjacent phases must be excited every time to create short flux loops and to provide restrained rotor rotation. As compared to designed classical SRM samples, the following merits have been aimed via this design:  The simultaneous excitation of two phases at all times results in pairs of adjacent stator poles being magnetized with opposite polarity, thereby forming a magnetic circuit of which path includes only the portion of the yoke bridging the two adjacent stator poles of a pair.  The produced ST-SRM significantly reduces the hysteresis and eddy current losses experienced in back iron because of the fact that the motor phases are using short flux loops all the time.  Another specific object of the motor is to provide high torque having small torque ripple characteristics and no dead torque position for the rotor. Eventually, efficiency of the motor is increased.  There is a gap lying along the stack length of the motor.
This gap helps the motor to be cooled better.  With this novel design, the secondary magnetic circuits causing flux switching frequency are eliminated because of the fact that only simultaneous polarized pairs are used each time.
III. MAGNETIC CIRCUIT MODEL

A. Assumptions and Circuit Analysis
The magnetic equivalent circuit method, as another approach, has been used previously to model the saturated magnetic field of SRM [5] - [7] . Some important points based upon previous work and experience gained from the FEM [8] results must be considered in order to develop an accurate and appropriate magnetic equivalent circuit model for the SRM [9] . The linear ST-SRM model is developed to show that the ST-SRM is able to produce more torque than linear conventional SRM model under the same circumstances. During the analytical calculation and finite element method simulations, the following assumptions are taken into consideration:  The magnetic material and current sources are ideal;  All of the phase fluxes passing through the air gap or phase to phase leakage are assumed as "non-existing";  The stator back iron is infinitely permeable or 0   ;  If any of the stator poles is at unaligned position, the permeance of those phases is equal to the minimum permeance value; conversely overlapping permeance (at aligned position) gets the higher value in accordance with rotation and overlap angles. Besides these assumptions, only two phases of the motor (e.g. Phase B and C) are deemed as being "ON" while the motor operates on simultaneous excitation of two phases at all times and thereby forming a magnetic circuit of which path includes only the portion of the yoke bridging the two adjacent stator poles of a pair. In order to express the operation difference between the conventional SRM and designed ST-SRM, the following flux distribution results derived from finite element analysis are given. During the analyses, only one fifth of the ST-SRM is considered because of the fact that the structural geometry is repeating itself five times in polar coordinate. The flattened geometry and equivalent magnetic circuit of the ST-SRM are seen in Fig. 6 and Fig. 7 
is obtained. While Herein, x  gives the value of MMF source, N is the number of coils for one phase, x i is the current value of each phase. According to the equivalent circuit, MMF drop across each reluctance path is given by 0 ,
where 0 u is the only MMF node potential. If the expression given for phase fluxes is expanded by using the equation above
is obtained. As the flux linkage is expressed with N    , the flux linkage of each phase of ST-SRM can be calculated by using the expression above. Besides, the flux linkages can be also expressed via the equation below 0.
And the phase permeance can be written as a function of phase inductance
If the equation is expanded by using
is obtained. If an arbitrary current 0 i is defined by using 0 0 u i N  , the following flux linkage can be written
If this equation is substituted in (6), this expression is obtained
If the 0 i value is taken out from the equation above
is obtained. If the equation is arranged in accordance with (9) and (11), the flux linkage value for phase B can be obtained as
is obtained. From this equation, the self-inductances of the phases can be easily figured out. For instance; the selfinductance value, Lbb for phase B is given
In the assumption, only two phases of the motor (herein; Phase B and Phase C) are assumed to be turned-on, so the mutual inductances between these two phases should be calculated as well. From the (12), it can also be obtained
Although the other mutual inductances between other phases can be expressed mathematically in the same way, there cannot be any mutual inductance between the phases A and D and the phases B and E due to the fact that only the adjacent phases will be taken into consideration in practical operation. In order to express these differences, the apparent inductance profiles of the motor should be examined.
For all phases, the following generalized matrices form can be used:
. Within this analytical calculation, the ST-SRM is designed with ideal current sources as seen Fig. 8(a) . If only two phases of the ST-SRM are turned-on, the ST-SRM circuit becomes equivalent to the one in Fig. 8(b) .
The equivalent circuit can also be expressed as in Fig. 9 . When only B and C phases are excited, the following expression can be written:
0.
If the flux linkage expressions are written for these phases again: 
The apparent inductance value expressed as Lbc can be calculated using the expression
C. Torque Production in ST-SRM
The co-energy which is the complementary function of magnetic field energy is expressed as the function of rotor position and excitation current as well. So, the co-energy of the motor is calculated as follow 0 ( , ) . 
IV. RESULTS AND DISCUSSION
Under ideal excitation, the ratio of average torque of ST-SRM to the conventional SRM is derived from simulation results. As the motor operates on simultaneous excitation of two phases at all times and thereby forming a magnetic circuit of which path includes only the portion of the yoke connecting the two adjacent stator poles of a pair, ST-SRM is able to give a higher torque output. The plot comparison is shown in Fig. 10 .
Besides, the derivatives of the phase inductances with the respect to angular position are required to evaluate the torque expressions for each type of switched reluctance motor. The corresponding inductance plots are shown in Fig. 11 . Because the models are ideal and the fringing and leakage are ignored (all of the phase fluxes passing through the air gap or phase to phase leakage are assumed as "nonexisting") and also the unaligned permeance is constant (the stator back iron is infinitely permeable or 0   ), a more complex magnetic circuit and analytical model are required for both conventional and ST-SRM. Then, the losses and torque ripples can be calculated more accurately.
V. CONCLUSIONS
In this study, models for a conventional 5-phase SRM and 5-phase high performance segment type SRM with U-type segment rotor cores are developed. For the similar geometry, the calculations are performed by using an equivalent magnetic circuit and underlying assumptions. The concept of apparent inductance profiles and torque equations of ST-SRM are introduced.
It is proved analytically and through finite element based studies that novel ST-SRM gives two times more torque than conventional SRM for the same input and design parameters. The summarized results which are both obtained from analytical calculations and design parameters are shown in Table II . 
